Abstract: Structural and magnetic properties of Mg x Zn 1−x Fe 2 O 4 powders have been studied with respect to the application for thermal cancer therapy (magnetic hyperthermia). Mg x Zn 1−x Fe 2 O 4 (x=0.1-0.5) powders with particle sizes between 5 and 8 nm were produced by citrate method. The X-ray diffraction patterns of the samples correspond to a spinel phase. The lattice constant and the volume of the elementary cell increase when x changes from 0.1 to 0.5. The FTIR-spectra ascertain the spinel phase formation. The Mossbauer studies reveal the presence of extremely small particles, which undergo superparamagnetic relaxation at room temperature. The core-shell model has been applied to explain quadruple doublets. The quadruple splitting at "shells" is bigger than those at "cores" whereas the isomer shifts remain close. Magnetic studies confirm the presence of extremely small particles that behave as superparamagnetic ones.
Introduction
The field of magnetic hyperthermia has recently seen rapid advances in the development of superparamagnetic nanoparticles [1, 2] . The superparamagnetic particles are preferred in magnetically induced hyperthermia because of their high level of heating ability [3] [4] [5] . Moreover, superparamagnetic particles do not retain any magnetization after the removal of the magnetic field and this fact benefits: easy guiding; using of suitable for human body magnetic fields; and easy circulation through the fine capillaries without aggregation [6, 7] . The most frequently used particles are of the superparamagnetic iron oxides such as maghemite and magnetite [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The spinel nanoferrites have not been studied intensively for magnetic hyperthermia. Therefore a few research studies include spinel nanoferrites [14] [15] [16] [17] [18] . The spinel nanoferrites are attracting materials. They allow running different properties according desirable application. Their composition enables selecting the optimal combination of the bivalent ions which can support the thermal cancer therapy. The Mg-Zn ferrite was chosen because the research studies ascertain that the low Zn(II) levels lead to the cancer formation because the zinc has an inhibitory effect on cancer cell growth [19] [20] [21] [22] [23] .In addition, the optimal Mg(II) levels are prophylactic against the initiation of some cancer cells [24, 25] . Thus by remaining in the human body Mg-Zn ferrite will supplementary act after it had ceased to be a heating mediator. Such "cation cell therapy" [26] turns Mg-Zn ferrite into a promising candidate for magnetic hyperthermia.
The aim of this work is to evaluate the superparamagnetic behavior of Mg x Zn 1−x Fe 2 O 4 ferrite powders with respect to the application for thermal cancer therapy.
Experimental
The samples of Mg x Zn 1−x Fe 2 O 4 (x=0.1-0.5) are prepared by the citrate method [27] .
6H 2 O are used as sources of metal ions. Anhydrous C 6 H 8 O 7 is used as chelating agent. The aqueous solutions were mixed into a beaker with 1:3 molar ratio of metal ions to citric acid. The complete dissolving of the substances is achieved when the obtained mixture is heated and ammonia water is added (pH 6). In the beginning of the process the brown color of the solution turns green. The heat treatment at 90
• C finishes when a vitreous gel is obtained. The gel is thermal treated at 100
• C in a dry oven. The burnt fluffy material was heat treated at two temperatures (450 • C for 5 hours, and 1200
• C for 2 hours).
The X-ray diffraction patterns of the samples (calcined at 450
• C for 5 hours) were taken at room temperature in the Bragg-Brentano geometry (from θ=15
• to 65
• with a step of 0.03 • ), with TUR M62 spectrometer (Germany), HZG-3 goniometer. The diffractograms were obtained using Co K α radiation. Data interpretation was carried out using JCPDS database. The unite cell parameter (a) and mean crystallite size (D) of synthesized spinels were also determined from the experimental XRD profiles (PowderCell'2000). The Fourrier transform infrared spectra (FTIR) are collected for disk specimens mixed with KBr. A Bruker Equinox 55 FTIR spectrometer is used in the range 400-4000 cm −1 at room temperature. The Mössbauer spectra were taken for powder specimens calcined at 450
• C for 5
hours at room temperature. The transmission type spectra were recorded with an electromechanical spectrometer Wissenschaftliche Elektronik GMBH, using a 57 Co/Cr source in constant acceleration mode at room temperature. The velocity was calibrated by α-Fe standard at room temperature. The experimentally obtained spectra were evaluated by a program, which assumes a Lorentzian shape of the Mössbauer spectral lines. They were determined the parameters -isomer shift (IS), quadruple splitting (QS), as well as the line width (FWHM) and the relative weight (G) of each component. The magnetization curves were measured on the automatic vibrating sample magnetometer (VSM) in the Faculty of Physics at Sofia University. The results are collected for ten powder samples of Mg x Zn 1−x Fe 2 O 4 (x=0.1-0.5). For each x (x=0.1-0.5) are studied two samples that are heat treated at two temperatures (450
• C for 5hours, and 1200
• C for 2 hours). Measurements in magnetic fields up to 6 kOe in the temperature range from ambient to 750 K are performed. The resolution in magnetization reading is better than 10 −3 emu/g and the error in the temperature reading is less than 1 K. The powders were fixed by moderate pressure in not sealed quartz containers. All the measurements were performed in air.
Results and discussion

XRD-studies
The X-ray diffraction patterns of the samples are shown in Fig. 1 extra crystalline phases. The considerable broadening, as well as the low intensity of all diffraction peaks indicates that the studied samples consist of quite small crystallites. The particle sizes are calculated from Scherer's formula, and are also shown in Table 1 . The mean particle sizes obtained from X-ray data are about 5-8 nm.
Infrared spectroscopy studies
The FTIR-spectra of Mg x Zn 1−x Fe 2 O 4 (x=0.1-0.5) samples (calcined at 450
• C for 5 h) consist two vibration modes that reveal the formation of spinel ferrite phase. The bands 
Mössbauer studies
The room temperature Mössbauer spectra of the studied samples are shown in Fig. 2 . It can be seen that each spectrum consists of quadruple doublet. Only in sample 1 (Mg 0.9 Zn 0.1 Fe 2 O 4 ) a weak sextet pattern was observed. The determined parameters of two sets of doublet lines (denoted as Dbl 1 and Dbl 2) can be assigned to ultra disperse ferrite particles (D < 10 nm) with superparamagnetic behaviour [29] [30] [31] [32] . The calculated values of parameters, the relative weights and FWHM of each component are presented in Table 2 . The isomer shift values are found to be 0.22-0.32 mm/s. The core-shell model have been applied to explain this set of two quadruple doublets [33, 34] . The pointed two components belong to the iron ions from the "core" and the "shell" layers of ferrite nanoparticles [33, 34] . The doublet (Dbl 1) with lowest QS = 0.50-0.55 mm/s belongs to iron ions from the "core" of the particles. The doublet (Dbl 2) with larger QS = 0.72-0.86 mm/s can be assigned to interface (from the "shell" layers) ferric ions. The bulk ferrites have a spherically symmetric charge distribution around the Fe nucleus. However, the large surface to volume ratio in the nanoparticles leads to a change of the spherically symmetric charge distribution and thus creates an electric field gradient. The the close measured isomer shift values and different quadruple splitting determine the presence of small ferrite nanoparticles with different sizes which undergo superparamagnetic relaxation at room temperature. The spectral view of this phenomenon is demonstrated by the presence of the quadruple doublets. The measured high values of FWHM of absorption lines are indication for an existing of particle size distribution. The obtained ratio of the relative weights of the two quadruple doublets corresponding to the "inner" and "outer" iron ions is about 1:1. This fact ascertains the presence of extremely small particles [35] . Moreover, according to the used model, the obtained particle size is about 5 nm [33] . 
Magnetic studies
Representative hysteresis loops and thermomagnetic curves for different heat treated samples are shown in Fig. 3 and Fig. 4 respectively. Such images are typical for all investigated samples. All the powders sintered at 1200
• C exhibit usual for bulk ferrites magnetic behavior. Their hysteresis loops are well saturated in the magnetic fields of 6 kOe. Coercivities of less than 100 Oe were estimated for all the samples. Thermomagnetic curves, plotted in the magnetic fields of 1 kOe and 200 Oe are typical for a well defined ferrimagnetic phase transition. In contrast, all the samples heated at 450
• C behave as superparamagnetic ones [36] .
Magnetization curves are very fare from saturation in the highest field used and there is no coercivity. On the other hand, low-field magnetization increases in a typical superparamagnetic manner with decreasing temperature and no blocking temperatures were marked down to room temperature for all of these samples. The samples calcined at 450
• C consist of small particles, which are in a superparamagnetic state at room temperature. 
Conclusions
The Mg-Zn ferrite powders have been obtained by using the citrate method. Their structural and magnetic characteristics are studied. The X-ray diffraction patterns of the samples correspond to a spinel phase which was identified as an intermediate composition between MgFe 2 O 4 and ZnFe 2 O 4 . The lattice constant and the volume of the elementary cell depend on the Zn content. There are no detectable traces of extra crystalline phases. The considerable broadening, as well as the low intensity of all diffraction peaks indicates that the studied samples consist of quite small crystallites. The mean particle sizes calculated from X-ray data are about 5-8 nm. The results from FTIR-spectra ascertain the formation of spinel phase. The recorded wave numbers of absorption bands are slightly smaller than those of the bulk Mg-Zn ferrites.
Mössbauer spectra obtained at room temperature from the samples could be resolved well into doublets, which indicate the existing of the superparamagnetic particles. Only in sample 1 (Mg 0.9 Zn 0.1 Fe 2 O 4 ) a weak sextet pattern was superposed. For the studied samples, the quadruple splitting at "shells" is bigger than those at "cores" whereas the isomer shifts remain close. The measured high values of FWHM of absorption lines are indication for an existing of particle size distribution. The obtained ratio of the relative weights of the two quadruple doublets corresponding to the "inner" and "outer" iron ions is about 1:1. This fact ascertains the presence of extremely small particles.
Magnetic studies present that all samples sintered at 1200
• C demonstrate a usual behavior for bulk ferrites magnetic. In contrast, all samples calcined at 450
• C consisting of small particles, which are in a superparamagnetic state at room temperature. These experimental results suggest that the superparamagnetic Mg-Zn ferrites can be suitable for thermal cancer therapy.
